Abstract A comprehensive study was carried out to investigate static and dynamic soil properties for a high rise building in Jeddah, Saudi Arabia. A total of 21 boreholes were drilled to a maximum depth of 100 m including the performance of Standard Penetration Tests and core measurements for rock formations. Pressure-meter tests were performed to determine Young, E S and shear, G moduli while shear wave velocity were measured through cross-hole method. The dynamic shear modulus G max and Poisson's Ratio (t) could be estimated directly through relations with shear wave velocity. Three boreholes at three locations were prepared during drilling for carrying out pressuremeter tests every 5.0 m from ground surface down to 60.0 m. Other two locations at the site were chosen to perform cross-hole tests. These tests were performed from ground surface down to 55.0 m at intervals of 1.50 m. A comprehensive comparison was established between the results of Young and shear moduli determined from pressure-meter, cross-hole and S.P.T. It was observed that the values of E S and G determined via pressure-meter are much less than those of E i and G max determined via cross-hole tests. It was also observed that the results of shear wave velocity, estimated via S.P.T correlations, have a wide range but are in fair agreement with the results of cross-hole tests.
Introduction
The shear wave velocity of soils plays an important role in the design of geotechnical structures under dynamic loads. Measurements of the subsurface shear wave velocity (V S ) can provide input to seismic design methods such as site response analysis and the evaluation of liquefaction potential. Moreover, as V S represents the material and structural condition of the soil, it can be applied to the evaluation of layer structure, degree of compaction or consolidation of a soft soil and weak zones of a site [1] . Hence, the researchers do their best to measure V S using accurate methods whether in the laboratory or in the field. The shear wave velocity is typically measured using the seismic field tests. However, the equipment is not widely available and, consequently, the test is generally too expensive to perform for most construction projects. Field measurements of shear wave velocity include cross-hole tests (CHT), down-hole tests (DHT), suspension logging, seismic reflection, seismic refraction, and spectral analysis of surface waves (SASW). The seismic piezo-cone penetration test and seismic flat dilatometer test are two multi-use in situ tests that provide a down-hole measurement of shear wave velocity in addition to penetration test parameters, thus optimizing data collection [2] . Laboratory measurements have long been the reference standard for determining the properties of geo-materials. Laboratory measurements include resonant column, torsion shear, bender elements and tri-axial internal local strain [2] . In the laboratory, parameters such as shear strain, confining pressure, and frequency, number of loading cycles, void ratio and over-consolidation ratio can affect the results of soil response. Sometimes the use of in situ tests to achieve field measurements, conventional drilling, sampling, and laboratory testing has become cost-effective to determine strength and stiffness parameters over an entire site. Hence, numerous relations between S.P.T. blow count, N, and shear wave velocity, V S , exist in the literature as shown in Table 1 [3] . Other correlations have been established between cone penetration tests CPT and shear wave velocity [4] .
The target from measurement of V S is to determine the maximum or initial shear modulus G max , which can be related to very small shear strain (less than 0.001%). So, G max can be determined according to the following equation:
where q -mass density [Mg/m 3 ], V S -shear wave velocity for linear, elastic and isotropic medium [m/s].
Poisson's ratio (t) can also be determined from the following equation:
where V S is the shear wave velocity and V P is the compression wave velocity. Accordingly, dynamic Young modulus E i can be estimated as follows:
This paper is considered an attempt to understand the relation between the static soil parameters measured by pressuremeter and the dynamic soil parameters measured by cross-hole method and those estimated through S.P.T. correlations.
The difference between static and dynamic loading is that the second induces very small shear strain less than the elastic strain of 0.001%, while shear strains for static loading of foundations are generally in the range of 0.1-0.01% [2] . Several studies have shown that the shear modulus decreases The difference between static and dynamic loading is that the second induces very small shear strain less than the elastic strain of 0.001%, while shear strains for static loading of foundations are generally in the range of 0.1-0.01% [2] . Several studies have shown that the shear modulus decreases dramatically with increasing shear strain. Empirical modulus reduction schemes have been developed to show the relation between G/G max and shear strain, Fig. 1 [3] . These curves can be used to solve dynamic problems when shear strains drive the soil beyond its elastic range.
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Site conditions
A comprehensive study was carried out to investigate static and dynamic soil properties for a high rise building (305 m height, with multi basements) in Jeddah, Saudi Arabia [6] . A total of 21 boreholes were drilled to a depth ranging between 50.0 and 100 m. Standard Penetration Tests were carried out besides core measurements for rock formations. Complicated marine sediments have been encountered in the site, which consist of successive layers of grayish brown to off-white, non plastic, calcareous sand/silty sand with gravel and traces of shells inter-bedded with Coral Reefs. The Coral Reef layers have been found at different depths with different thicknesses. They contain fresh shells and appear sometimes as Conglomeratic at different locations. Rock coring was measured at varying depths whenever there are Coral Reef formations. However, whenever it becomes very soft or whenever there is coralline soil sediments, Standard Penetration Tests S.P.T. were carried out. Whenever the sampling by Coring is very poor, Standard Penetration Tests also were performed to collect samples. Coralline soil sediments are considered the disintegrated portion of the Coral Reef formation. The proportion of Coral reef and Coralline soil sediments are varying at different depths, as it is highly inconsistent to predict the physical composition. Standard Penetration Test results indicate medium dense to very dense state of relative densities for the soil layers and for the soft to very soft Coral Reefs layers. TCR (Total Core Recovery) and RQD (Rock Quality Designation) indicated the inconsistent nature of the Coral Reef formation.
In general, the TCR values are varying from 20% to 100%, denoting very soft or disintegrated to sound rock conditions, while RQD values are observed between 0% and 65%, showing very poor to fair quality at certain depths. Such variations in TCR and RQD values are noticed at different depths, which are the basic characteristics of the Coralline deposits in general. The site is located nearby the Red See shore so the ground water table fluctuated between 2.50 and 5.0 m below ground surface at the time of site investigation.
Field test program
A field test program was achieved to face the complicated site conditions and to get on soil properties to match the advanced analysis that would be carried out for this high-rise building. Pressure-meter tests were performed to determine Young, E S , and shear, G, moduli, which are considered the most important elastic properties of soil and rock formations. Three boreholes at different locations were prepared during drilling for measuring E S via pressure meter according to ASTM D4719-2000 [7] every 5.0 m from ground surface down to 60.0 m. The test results are presented in Fig. 2 , which shows the variation of E S with depth. For dynamic ground analyses, the cross-hole method was used to measure the shear wave velocity V S and hence dynamic shear modulus G max could be determined. Two locations at the site were chosen to perform cross-hole tests. Each location consists of three boreholes drilled and prepared according to ASTM D4428-2000 [8] . These tests were performed from the ground surface down to 55.0 m at intervals of 1.50 m. The test results are presented in Figs. 3 and 4 , which show the variation of V S , V P , E i and G max with depth at one location.
Test results and analysis

Pressure-meter measurements
It can be noticed from Fig. 2 that the results of E S are scattered and there is no clear trend for the results. However, the scattered values gave good indications about the successive layers of soil and coral reefs. Cavities or soft layers can be observed at different depths (at 10 m, between 20 and 30 m, and at 55 m). Nevertheless, it was difficult to estimate the thicknesses of these soft layers from the results. On the other hand, best-fit relationship {E S (MPa) = 15.3 + 0.47 depth (m)} could be established to enable the designer to maximize the benefit from the results.
Comparisons have been achieved between the results of pressure-meter and those estimated from S.P.T. correlations. Young E S and shear G moduli are considered to be the main Fig. 1 Modulus reduction curves for different types of soils [3] . elastic properties for estimating the behavior of soil and rock under foundations. The researchers of soil mechanics established several initial, simple and cost-less correlations for estimating these moduli related to basic tests or to simple soil descriptions. So, several correlations have been established, for example, between E S and S.P.T.-N [9, 10] . Fig. 5 shows relationships between values of E S measured using pressuremeter and those estimated from S.P.T.-N correlations. Fair to Good agreement can be noticed between measured and estimated values, except for the relation (E S = 2.6 N) that is not consistent with the measured values. In general, the scattered shape dominates the measured and estimated values, which reflects the complicated soil stratification. Moreover, such types of complicated soil stratification could not depend on S.P.T. values for discovering weak sandy layers. These S.P.T. correlations ignore also the effect of overburden pressure that can be obviously noticed through the measured values of E S .
Cross-hole Measurements
Figs. 3 and 4 show the results of V S , V P , E i and G max at one location while Fig. 6 shows the results of V S at all locations. It can be seen that the trend of the results reflect the general shape of soil stratification. The effect of overburden pressure was not obvious. The results allow good determination of the thicknesses of successive layers and their properties. The results obviously distinguish between the weak and stiff layers, besides the thickness of each layer could be estimated.
According to ASSHTO Guidelines for Seismic Design of Highway Bridges, soil is classified into six classes, A, B, C, D, E and F with reference to shear wave velocity [11] . Class A represents hard rock with measured V S > 600 m/s, while E and F classes represent soft to very soft soil with measured Relationship between values of E S measured using pressure-meter (E m ) and those estimated using S.P.T. correlations. Relationship between values of Vs measured using crosshole testing and those estimated using S.P.T. correlations. Comparisons have been performed between the results of cross-hole tests and those estimated from S.P.T. correlations. As mentioned before, the input of dynamic analysis depends mainly on the dynamic soil properties that can be determined through shear wave velocity. Numerous relations between S.P.T. blow count, N, and shear wave velocity, V S , exist in the literature as shown in Table 1 
Comparison between results of pressure-meter and cross-hole measurements
In general, the results of pressure-meter are completely different from those of cross-hole tests. The first measures the elastic soil properties at pseudo-elastic phase, which could be produced at relatively large shear-soil-strain, unlike the cross-hole tests, which measure dynamic soil properties at very low shear-soil-strain. Several researchers [5, 12] tried to understand the relations between the two behaviors through cyclic shear tests and hence Fig. 1 could be drawn. It can be noticed from Fig. 1 that the dynamic shear modulus G max dramatically decreases with increasing shear strain. The amount of decrease depends mainly on the stiffness and type of soil. Similar results can be seen in Fig. 7 , except that G was only measured at relatively large shear strain. Most values of G/G max are less than 20% and some values in the range of 5% or less. Actually the soil stiffness has a major effect on the values of G/G max . The interbedded soft layers have very low shear strength in static analysis while at very low shear stain this soil can achieve relatively high shear strength. So the existence of soft layers at site, which was obvious in cross-hole tests, was responsible for the great decline of the ratio G/G max . It can be also noticed that the ratio G/G max was increased with increasing the overburden pressure, which can be attributed to the following.
It is understood that the increase of overburden pressure improves generally the elastic modlui of soil, E S & G, as shown in Fig. 2 . On the other hand, the shear velocity and hence G max was not affected with increasing the depth, as shown in Fig. 6 .
Conclusions
This paper presented field measurements of static and dynamic soil properties, which have been measured by pressure-meter and cross-hole tests. The most important observations could be summarized as follows:
-The measurements of pressure-meter tests introduced good indications about the successive layers of soil and coral reefs. Cavities or soft layers could be obviously observed at different depths but the thicknesses of these layers could not be determined. -The results of cross-hole tests introduced good determination for the thicknesses of successive layers and their properties. The results could obviously distinguish between the weak and stiff layers, besides the thickness of each layer could be estimated. -Static Young modulus E S or shear modulus G can be estimated from the correlations of S.P.T. Although correlations can be chosen to be suitable for certain soil stratifications, these correlations can over-estimate soil properties. Moreover, these correlations ignore the effect of overburden pressure and it is difficult to distinguish the inter-bedded soft layers. -Shear wave velocity and hence dynamic soil properties can be estimated through a careful choice of V S -S.P.T. correlations. In general, these correlations over-estimate the dynamic soil properties and cannot discover the soft layers. -Most values of G/G max , deduced for the site under consideration, are less than 20% and some values in the range of 5% or less. Soil stiffness has a major effect on the values of this ratio G/G max . It can be also noticed that the overburden pressure has an effect on the ratio G/G max , which improved with increasing the depth.
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